Activin and the Nodal-related proteins induce mesendodermal tissues during Xenopus development. These signals act through specific receptors to cause the phosphorylation, at their carboxyl termini, of Smad2 and Smad3. The phosphorylated Smad proteins form heteromeric complexes with Smad4 and translocate into the nucleus to activate the transcription, after the midblastula transition, of target genes such as Xbra and goosecoid (gsc). In this paper we use bimolecular fluorescence complementation (BiFC) to study complex formation between Smad proteins both in vivo and in response to exogenous proteins. The technique has allowed us to detect Smad2-Smad4 heteromeric interactions during normal Xenopus development and Smad2 and Smad4 homo-and heteromers in isolated Xenopus blastomeres. Smad2-Smad2 and Smad2-Smad4 complexes accumulate rapidly in the nuclei of responding cells following Activin treatment, whereas Smad4 homomeric complexes remain cytoplasmic. When cells divide, Smad2-Smad4 complexes associate with chromatin, even in the absence of ligand. Our observation that Smad2-Smad4 complexes accumulate in the nucleus only after the midblastula transition, irrespective of the stage at which cells were treated with Activin, may shed light on the mechanisms of developmental timing.
INTRODUCTION
The TGF␤ family of growth factors, including Activin and the Nodal-related proteins, plays roles in the regulation of cell proliferation, differentiation and migration in the embryos and adults of vertebrate and invertebrate species (Shen, 2007) . TGF␤ family members signal by binding to type II serine-threonine kinase receptors, which then associate with, and phosphorylate, type I receptors. The activated type I receptors go on to phosphorylate receptor-regulated Smad proteins (R-Smads, including Smad1, Smad2, Smad3, Smad5 and Smad8) and these in turn associate with Smad4, accumulate in the nucleus, and regulate the expression of downstream target genes, usually by interacting with a specific cofactor.
Activin and the Xenopus Nodal-related proteins (Xnrs) induce formation of the mesendoderm during early Xenopus development (Heasman, 2006) . Although one can visualise the dynamic spatial and temporal regulation of Activin/Xnr signalling by use of an antibody that recognises the phosphorylated form of Smad2 (Schohl and Fagotto, 2002) , this technique involves the use of serial cryosections of embryos at different stages of development and does not permit true real-time analysis. To address this point, and to allow one to monitor Smad signalling in other cells and tissues, we have investigated whether bimolecular fluorescence complementation (BiFC) (Hu et al., 2002) might provide an alternative approach to monitor Smad signalling. BiFC takes advantage of the fact that when the two non-fluorescent amino-and carboxyl-terminal fragments of yellow fluorescent protein (YFP) are brought into close apposition they interact to form a fluorescent protein. We have optimised this technique for use in the highly autofluorescent Xenopus embryo by using mutated versions of VENUS, and thereby succeeded in detecting homomeric interactions between two Smad2 and two Smad4, as well as heteromeric complex formation between Smad2 and Smad4. Importantly, our approach is at least semi-quantitative, and will allow us to monitor Smad signalling during the normal development of Xenopus. Interestingly, we note that during mitosis Smad complexes associate with chromatin; this may provide a mechanism for the equal distribution of Smad proteins at cell division.
Finally, we note that the nuclear accumulation of Smad2-Smad4 complexes in response to induction only occurs after the midblastula transition, irrespective of the stage at which cells are exposed to Activin. This observation may help shed light on the complex problem of developmental timing in the early Xenopus embryo.
MATERIALS AND METHODS

Xenopus embryo manipulation
Fertilisation and culture of Xenopus embryos were as described previously (Tada et al., 1997) . They were staged according to Nieuwkoop and Faber (Nieuwkoop and Faber, 1994) . Animal cap cells were dissociated in Ca 2+ -and Mg 2+ -free medium (75 mM Tris pH 7.5, 880 mM NaCl, 10 mM KCl, 24 mM NaHCO 3 ) for 30-45 minutes at room temperature before treating with Activin.
Western blotting
Fertilized eggs were injected with the relevant RNA at the one-cell stage (see figure legends for details) and animal caps were dissected at blastula stages 8 to 9. Protein extracts were prepared from the animal caps as described previously (Saka and Smith, 2004 ) and the equivalent of 10 animal caps was applied to each lane of a SDS polyacrylamide gel before blotting onto Hybond P membrane (Amersham Bioscience). Antibodies used were antiSmad2/3 (rabbit IgG, from Cell Signaling, 1:1000) or anti-phospho-Smad2 (monoclonal rabbit IgG from Cell Signaling, 1:1000). HRP-conjugated secondary antibodies were anti-rabbit IgG (whole antibody, Amersham, 1:1000; or Santa Cruz, 1:4000).
Nuclear accumulation of Smad complexes occurs only after the midblastula transition in Xenopus
BiFC constructs, mRNA injection and transfection of mammalian cells
The N-terminal and C-terminal halves of VENUS were amplified by PCR and cloned into pCS2+. VENUS fragments were fused to the N terminus of human SMAD4 with an 11 amino acids linker (TGGGGGGGGGG) or to the N terminus of Xenopus Smad2 with a four amino acids linker (TGSS). For the constructs VC155-Smad3 and VC155-Smad2⌬exon3, Smad2 was replaced either by Xenopus Smad3 (a gift from Caroline Hill, Cancer Research UK London Research Institute, London, UK) or Xenopus Smad2⌬exon3 (a gift from Oliver Nentwich, Gurdon Institute, Cambridge, UK). Site-directed mutagenesis to create modified forms of VENUS was performed as described previously (Sawano and Miyawaki, 2000) . VENUS, mRFP1, ECFP, ECFP-GPI, ECFP-NLS, histone H2B-ECFP and Emerin-ECFP were all cloned into the expression vector pCS2+ and checked by sequencing. GFP-emerin was a kind gift from Chris Hutchison (Durham University, Durham, UK), YFP-histone H2B, a kind gift from Andrea Brand (Gurdon Institute, Cambridge, UK) and the NLS sequence a kind gift from Steve Jackson (Gurdon Institute, Cambridge, UK).
All constructs in pCS2+ were linearised with NotI and transcribed in vitro using SP6 RNA polymerase and the mMESSAGE mMACHINE kit (Ambion). HEK293T cells were cultured in D-MEM medium (high glucose without sodium pyruvate; Gibco 41965-039) with 10% serum and transfected with 0.5-2 g of each plasmid DNA using Lipofectamine 2000 (Invitrogen).
Real-time PCR
Total RNA was prepared from 15 animal caps using the Trizol reagent (Invitrogen), followed by isopropanol precipitation. RNA was dissolved in water and used as template for real-time RT-PCR. Real-time RT-PCR with the LightCycler (Roche) was carried out using the manufacturer's RNA amplification kit. All determinations included a negative control. Primers specific for Xbra, goosecoid (gsc), chordin and ornithine decarboxylase were as described previously (Piepenburg et al., 2004) . All values are normalised to the level of ornithine decarboxylase in each sample.
Imaging
Animal caps were dissociated in Ca
2+
-and Mg
-free medium (CMFM) at the indicated stages. Dissociated cells were seeded onto a fibronectin-coated glass bottom dish (MatTek) in 0.75% normal amphibian medium (NAM) with 0.2% BSA and with or without 16 U/ml Activin (Cooke et al., 1987) . The image in Fig. 1 was taken using a Leica MZ FLIII dissecting microscope equipped with RFP and YFP filters. The image in Fig. 3 was taken using a Leica DM IRB inverted fluorescent microscope with a Hamamatsu ORCA ER camera and analysed with Open Lab software. 
RESULTS
BiFC in Xenopus
The application of fluorescence techniques in Xenopus is hampered by high levels of autofluorescence deriving from yolk platelets. In an effort to improve the BiFC signal-to-noise ratio we therefore turned, like others (Shyu et al., 2006) , to VENUS, a variant of enhanced yellow fluorescent protein (EYFP) which is less sensitive to pH and chloride ion concentration than EYFP and which -matures more rapidly . We chose two positions, both located within a loop between two ␤-sheets, to divide VENUS into two fragments: immediately after N144 or immediately after A154. The latter position was used in the original BiFC experiments using unmodified YFP (Hu et al., 2002) ; the former was used in the development of a fluorescent reagent to monitor Ca 2+ levels in HeLa cells (Nagai et al., 2001) . We refer to the two types of VENUS Nterminal fragments as VN144 and VN154 and the two types of Cterminal fragments as VC145 and VC155. In contrast to previous work using COS-1 cells (Shyu et al., 2006) , we found that Xenopus embryos injected with as little as 50 pg of RNAs encoding either pair of complementary VN and VC fragments became fluorescent (Fig. 1A,D) . No fluorescence was observed when the VN or VC fragments were expressed alone (data not shown). This apparent self-assembly of VENUS, which would significantly compromise its utility in BiFC experiments, may derive from the mutations introduced into EYFP that were designed to improve its folding and maturation . To address this problem, mutations were introduced back into VENUS. Point mutation T153M is located at the junction between one of the ␤-strands and a loop in the crystal structure; it is likely to affect protein folding. The other mutations (L46F, L64F and Y203H) affect maturation of the chromophore (Rekas et al., 2002) . Different combinations of N-terminal and C-terminal VENUS fragments carrying different combinations of mutations were tested for selfassembly by injecting RNAs into Xenopus embryos ( point mutation T153M, did not fluoresce in combination with VC155, and this combination of VENUS fragments was used in further studies. We note that constructs tagged with VN154 and VC155 tend to be more fluorescent than those tagged with VN144 and VC145 (compare Fig. 1A with Fig. 1D , and data not shown).
Smad2 and Smad4 BiFC constructs retain biological activity
Reagents designed to reveal the association of Smad2 with Smad4 were created by fusing VENUS fragments to the N termini of the two proteins ( Fig. 2A ). To confirm that such Smad constructs retain biological activity, capped RNA was injected into Xenopus embryos, and animal caps were dissected at late blastula stage 9 and cultured to the equivalent of the early gastrula or the late neurula stage, when they were monitored for the activation of gsc and Xbra (Cho et al., 1991; Smith et al., 1991) and then for the elongation or inversion movements that presage differentiation as mesoderm (Armes and Smith, 1997; Symes and Smith, 1987) . Animal pole regions derived from uninjected embryos or embryos injected with mRNAs encoding individual tagged Smad constructs expressed neither Xbra nor gsc at the early gastrula stage. However, strong expression of these genes was observed in caps derived from embryos injected with a combination of either HA-or VENUStagged forms of Smad2 and Smad4 (Fig. 2B) , at levels comparable to those induced by injection of 5 pg Activin RNA (Fig. 2B ). Such animal caps also underwent elongation (data not shown). These results indicate that Smad constructs carrying VNm9 or VC155 tags at their N termini are able to interact with each other to induce the expression of their target genes. The inability of the individual tagged proteins to induce target gene expression at these low levels of injected RNA is likely to be due to limiting amounts of the complementary endogenous Smad protein.
Activin-induced nuclear accumulation of Smad complexes
To investigate whether tagged Smad constructs can reveal the ligandinduced association of Smad2 and Smad4 and thus signalling by members of the TGF␤ family, such as Activin, Xenopus eggs were injected with RNA encoding VNm9-tagged Smad2 or Smad4, together with VC155-tagged Smad2 and, as a lineage tracer, mRFP1 (Campbell et al., 2002) . Animal pole regions containing mRFP1 fluorescence were dissected at midblastula stage 8, and cells were dissociated and cultured to the equivalent of early gastrula stages 10-11 on a fibronectin-coated surface in the presence or absence of Activin. As a control for non-specific fluorescence we also injected a VC155-Smad2 construct that lacks the MH2 and linker regions of Smad2 as well as part of the MH1 domain (VC155-Smad2⌬C; Fig.  3A ). This protein should not interact with Smad4 (Hata et al., 1997) . Preliminary western blot analyses using VN154-Smad2 (which differs from VNm9-Smad2 by just one amino acid) confirmed that the truncated constructs are expressed at levels similar to those of the full-length proteins (data not shown) and experiments described below (Fig. 6E) indicate that levels of VN154-Smad2 resemble those of endogenous Smad2. 
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In the absence of Activin, we noted cytoplasmic fluorescence associated with the formation of Smad2-Smad2, Smad2-Smad4 and Smad4-Smad4 complexes (Fig. 3Ba ,e,i and see Fig. 4A ). Activin treatment of these animal cap cells caused detectable nuclear accumulation of Smad2-Smad2 complexes (Fig. 3Bb ) and strong accumulation of Smad2-Smad4 complexes compared to levels of cytoplasmic fluorescence (Fig. 3Bf) .
Injection of RNAs encoding VNm9-Smad4 and VC155-Smad4 into Xenopus embryos revealed that Smad4 proteins interact with each other as well as with Smad2 (Fig. 3Bi,j) . Fluorescence was detected almost exclusively in the cytoplasm, both in the absence and the presence of Activin, suggesting that Smad4 homodimers represent an inactive state of Smad4.
As we discuss below, it is possible that interactions between Smad2 and Smad4 are stabilised by the BiFC technique. However, prolonged culture of Activin-treated animal pole blastomeres reveals that levels of BiFC fluorescence in the nucleus have decreased by stage 13 (Fig. 3C) , by which stage, levels of nuclear GFP-Smad2 and phospho-Smad2 have also declined (Faure et al., 2000; Grimm and Gurdon, 2002; Lee et al., 2001 ).
Subcellular localisation of Smad complexes
The subcellular localisation of Smad complexes as revealed by BiFC was further analysed by use of spinning disk confocal microscopy, which provides an improved signal-to-noise ratio. These experiments revealed that in the absence of ligand, Smad2-Smad4 fluorescence is associated with the cytoplasm and is enriched at the nuclear membrane (Fig. 4A) . The distribution of Smad2-Smad4 complexes at the nuclear membrane was confirmed in experiments in which embryos were co-injected with RNA encoding ECFPtagged emerin (Fig. 4B) , an integral membrane protein that interacts with lamins A/C on the inner nuclear membrane (Bengtsson, 2007; Gruenbaum et al., 2005) . Following Activin treatment the nucleus becomes particularly bright (Fig. 4C ). There appears to be no consistent sub-nuclear distribution of BiFC fluorescence, although in some cells distinct spots can be made out (Fig. 4C arrows) .
Spinning disk confocal microscopy revealed that all combinations of Smad dimers that have been tested, including Smad2-Smad2, Smad2-Smad4, Smad4-Smad4, Smad2⌬exon3-Smad4 and Smad3-Smad4 (see Materials and methods) associate with chromosomes during mitosis, both in the presence and in the absence of ligand (Fig. 4D,E) . This observation contrasts with data obtained using an antibody directed against Smad2, indicating that (presumably monomeric) Smad2 associates with the mitotic spindle (Batut et al., 2007; Dong et al., 2000) . Both these phenomena may ensure the equal partition of Smad proteins and complexes between daughter cells.
The localisation of Smad-BiFC complexes to nuclear membrane and chromosomes appears to be specific; injection of 200 pg RNA encoding the complementary VENUS fragments VC155 and VNm9 (representing a 20-fold molar excess over the levels used elsewhere in this investigation) does not cause fluorescence to appear in these structures ( Fig. 4F ; arrow points to mitotic chromatin). Rather, fluorescence is present at the periphery of cells, perhaps because it is displaced elsewhere in the cell by yolk platelets.
BiFC can reveal Smad signalling during normal development
In an effort to ask whether BiFC can be used to assess quantitative aspects of signalling by members of the TGF-␤ family, we first investigated the extent to which increasing extracellular concentrations of Activin cause increased nuclear accumulation of Smad2-Smad4 complexes. Different concentrations of Activin were therefore added to cultures of dissociated animal cap cells derived from embryos that had been injected with RNA encoding VC155-Smad2 and VNm9-Smad4 BiFC constructs and, to allow normalisation, RNA encoding ECFP (see Materials and methods). The fluorescence intensity in the nucleus after 3 hours of incubation was then quantified with Volocity software and plotted as a ratio of VENUS fluorescence to ECFP (Fig. 5A,B) . Our results showed that fluorescence deriving from the accumulation of Smad2-Smad4 complexes became more intense as the extracellular concentration of Activin increased.
These observations suggest that BiFC might be used to monitor levels of Smad signalling during development. To test this idea, Xenopus eggs were injected with RNA encoding VNm9-tagged Smad4 together with VC155-tagged Smad2. The large size and yolkiness of Xenopus blastomeres precluded direct observation of BiFC fluorescence in the intact embryo, so we dissected early
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Development 134 (23) Xenopus embryos received no injections (embs, caps), or were injected at the one cell stage with RNA encoding tagged forms of Smad2 or Smad4 proteins (100 pg for VC155-Smad2/VNm9-Smad4 BiFC tags and 80 pg for HA tags), alone or in combination, or with 5 pg RNA encoding Activin. Animal caps were dissected at the midblastula stage and cultured to the equivalent of early gastrula stage 10.5. Note that when expressed individually, tagged forms of Smads do not induce expression of Xbra and gsc, but co-expression of Smad2 and Smad4 (100 pg RNA of each) activates both genes at levels similar to those induced by Activin.
gastrulae into animal and vegetal halves and studied the two halfembryos. In such embryos, marginal zone cells show nuclear accumulation of Smad2-Smad4 BiFC in a pattern resembling that observed with immunohistochemistry for phosphorylated Smad2 (Schohl and Fagotto, 2002) , whereas in the animal hemisphere, as in cells derived from isolated animal pole regions, nuclei are only weakly fluorescent (compare Fig. 5C with nuclear membraneassociated fluorescence in Fig. 4A ). The response of these Smad BiFC constructs to Activin. Embryos were injected at the one cell stage with RNA encoding the indicated BiFC reporter constructs, together with RNA encoding mRFP1 as a lineage marker. Animal pole regions were dissected at the midblastula stage and labelled cells were identified by mRFP1 fluorescence (not shown), disaggregated, and plated on a fibronectin-coated substrate in the presence or absence of Activin. They were cultured to the equivalent of the early gastrula stage. In the absence of Activin (left-hand column of images) cytoplasmic fluorescence is detectable that derives from Smad2 homodimers (a), Smad2-Smad4 heterodimers (e) and Smad4 homodimers (i). Some autofluorescent yolk platelets are detectable in cells expressing VC155-Smad2⌬C rather than VC155-Smad2 (c,g). Note that levels of fluorescence in these samples is exaggerated because the cells are round; Activin treatment (right-hand column of images) causes cells to flatten . We note that some flattening also occurs in cells co-injected with RNA encoding Smad2 and Smad4 fusion proteins (see Be), consistent with the ability of these constructs to activate expression of Xbra and gsc (see Fig. 2B ). In the presence of Activin there is slight accumulation of Smad2 homodimers in the nucleus of responding cells (b) and dramatic accumulation of Smad2-Smad4 heterodimers (f). Smad4 homodimers are excluded from the nucleus (j). Little fluorescence is detectable in cells expressing VC155-Smad2⌬C rather than VC155-Smad2 (d,h). (C) Loss of nuclear BiFC fluorescence by late gastrula stage 13. Animal pole blastomeres were isolated from embryos that had been injected with RNA encoding VC155-Smad2 and VNm9-Smad4 together with RNA encoding ECFP, or from embryos expressing just ECFP. Dissociated blastomeres were left untreated or treated with 16 U/ml Activin for 10 minutes and then cultured on a fibronectin-coated substrate and observed at the equivalent of stage 10.5 or stage 13. Strong nuclear BiFC fluorescence in response to Activin is detectable at stage 10.5, but by stage 13 this has decreased to the levels observed in untreated cells. Fluorescence levels in cells not expressing Smad-BiFC constructs are shown for comparison.
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Smad2 and Smad4 form a complex only after the midblastula transition
In the course of experiments analysing the speed with which Smad2-Smad4 complexes translocate to the nucleus after treatment with Activin, we noted that such accumulation occurs only after the midblastula transition (MBT), which occurs around stage 8.5 in embryos of Xenopus laevis (Newport and Kirschner, 1982b) . Thus, addition of Activin to dissociated animal cap cells after the MBT caused detectable accumulation of Smad2-Smad4 complexes within 10 minutes (Fig. 6Af) , whereas treatment at any time before the MBT does not result in nuclear accumulation of BiFC signal until control embryos reach stage 8.5 (Fig. 6Aa-d) .
The delay in the appearance of Smad2-Smad4 complexes in the nuclei of cells treated with Activin before the MBT is of great interest. It suggests that the time of onset of target gene expression in response to Activin, which is subject to similar temporal regulation (Fig. 6B) , may be controlled by the nuclear import of Smad complexes. The temporal regulation we observe (Fig. 6A) is unlikely to be an artefact of our experimental system. First, it cannot derive from a delay in complex formation between the two halves of our mutated VENUS protein, because cytoplasmic fluorescence is clearly visible as early as stage 7 in embryos injected with RNA encoding VC155-tagged Smad2 and VNm9-tagged Smad4 (Fig.  6C) . Second, as is observed with the endogenous protein (Fig. 6D ) (Lee et al., 2001 ), phosphorylation of VC155-Smad2 occurs within 30 minutes of treatment with Activin (Fig. 6E) . In this respect we note that the effects of Activin differ from those of the Xnr proteins, which cannot cause phosphorylation of Smad2 until after the MBT (Lee et al., 2001) .
Together, these observations suggest that although Activin can cause the phosphorylation of Smad2 as early as stage 7, Smad2-Smad4 complexes are prevented from accumulating in the nucleus until after the MBT. We discuss this phenomenon below.
DISCUSSION
Bimolecular fluorescence complementation reveals interactions between Smad proteins
Bimolecular fluorescence complementation (BiFC) is a powerful technique that can reveal protein-protein interactions in vivo and in real time (Hu et al., 2002; Hu and Kerppola, 2003) , and which does not require the sophisticated equipment needed for techniques such as fluorescence resonance energy transfer (FRET). In this paper we use this approach to study the TGF␤ signal transduction pathway, and in particular the association of Smad2 and Smad4 with themselves and with each other. Our results show that our Smad BiFC constructs can be used to reveal homodimerisation and heterodimerisation of Smad molecules during early amphibian development.
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Formation and subcellular distribution of Smad complexes
We have shown that in the absence of Activin, BiFC reveals homomeric interactions between Smads2 and Smads4 and heteromeric interactions between Smad2 and Smad4 in the cytoplasm of Xenopus animal pole blastomeres. Although gel filtration experiments do show that Smad2 is present as part of a high molecular mass complex in untreated HaCaT cells (Jayaraman and Massague, 2000) , our results contrast with previous reports that Smad2-Smad4 interaction can only be detected after Activin stimulation. However, we note that these conclusions were based on co-immunoprecipitation assays, and they cannot exclude the possibility of transient interactions, which may be stabilised to some extent by the BiFC technique (Kerppola, 2006) . Indeed, we note that Smad2 and Smad4 can form homo-or hetero-oligomers in yeast two-hybrid assays (Hata et al., 1997) , where there is no ligandinduced phosphorylation at the C-terminus of Smad2. Weak fluorescence, associated with the formation of complexes containing Smad2 and Smad4, was detectable in the nuclei of cells that had not been treated with Activin. This fluorescence was present in nuclear membranes that were marked using ECFP-tagged emerin (Fig. 4B) , although its significance is not completely clear, because we cannot exclude the possibility that these cells are experiencing very low doses of endogenous TGF␤ signalling that are not sufficient to induce detectable target gene expression in our assays (see Fig. 2B : 'caps'). We also note that similar perinuclear accumulation of Smad3 was observed in an in vitro nuclear import assay when no active cytosolic factors for nuclear import were added (Kurisaki et al., 2001) . Activin treatment of cells expressing our Smad BiFC constructs causes the rapid nuclear accumulation of complexes containing both Smad2 and Smad4, and of complexes containing two molecules of Smad2 (Fig. 3Bb,f) . No change in the distribution of complexes containing two molecules of Smad4 was observed on Activin treatment (Fig. 3Bj) .
Our conclusion that homomeric interactions occur between Smad2 and Smad4 is consistent with the observation that TGF␤ can stimulate the formation of a complex comprising two Smad2s, one Smad4 and one FoxH1 (Inman and Hill, 2002) , and with structural analyses showing that the Smad4 MH2 domain can form a homotrimer (Qin et al., 1999) . However, our results (Fig. 2C ) also indicate that in the presence of Activin, Smad2-Smad4 interactions are 4215 RESEARCH ARTICLE Smad signalling in Xenopus (C) Endogenous TGF␤ signalling in the Xenopus embryo revealed by BiFC. Xenopus embryos were injected with 100 pg RNA encoding VNm9-Smad4 and VC155-Smad2 together with RNA encoding ECFP-tagged histone H2B. They were cultured to the early gastrula stage before being bisected, as shown in the diagram, into animal and vegetal halves and observed under the fluorescence microscope. Note low levels of fluorescence largely confined to nuclear membrane in the animal hemisphere of the embryo, and higher levels in the nuclei of cells in the vegetal region. preferred in the nucleus over Smad4-Smad4 interactions, whereas in the cytoplasm of untreated cells Smad4-Smad4 interactions may predominate. Homomeric interactions between Smad4s may therefore play a significant role in the regulation of TGF-␤ signalling by limiting the availability of Smad4 for heteromer formation with Smad2.
Finally, we note that in mitotic cells, all combinations of Smads associate with chromatin, whether or not Activin is present. This may represent a way of ensuring the equal distribution of Smad proteins to daughter cells (Fig. 4D,E) . Our observation differs from previous work suggesting that Smad2 colocalises with microtubules during mitosis (Batut et al., 2007; Dong et al., 2000) .
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Use of Smad BiFC in the analysis of early development
In this investigation we have used BiFC to follow the temporal aspects of Smad signalling in response to the mesoderm-inducing factor Activin. We have shown that the technique is sensitive, quantitative, and, importantly, rapid: complexes containing Smad2 and Smad4 accumulate in the nucleus just 10 minutes after Activin treatment (Fig. 6A ). This delay is shorter than that observed with GFP-Smad2 (Bourillot et al., 2002) , perhaps because our approach provides a better signal-to-noise ratio. Remarkably, however, the earlier cells are treated with Activin, the longer it takes for BiFC to occur, and we conclude that accumulation in the nucleus can only occur after the MBT (Fig. 6 ). This delay in the translocation to the nucleus of Smad2-Smad4 complexes is not any consequence of the sensitivity of our assay, because the BiFC constructs are expressed and cytoplasmic Smad2-Smad4 fluorescence can readily be observed as early as stage 7 (Fig. 6C,E) . It is also not due to any failure of the animal pole blastomeres to phosphorylate our tagged Smad2; as with the endogenous protein, phosphorylation is clearly detectable within 30 minutes of Activin treatment (Fig. 6D,E) . Our observation may be relevant to the fact that the time of gene activation, or even of morphogenetic movements (Symes and Smith, 1987) , in response to Activin depends not on when cells receive an inductive signal, but on the 'age' of the responding tissue (Cooke and Smith, 1990) . The observation may even relate to the midblastula transition itself (Newport and Kirschner, 1982a; Newport and Kirschner, 1982b) , in the sense that gene activation may not occur until transcription factors, or transcription factor complexes, have gained access to the nucleus. Preliminary results indicate that a fusion protein consisting of cyan fluorescent protein fused to three basic nuclear localisation signals (NLS) also only entered the nucleus after the midblastula transition (see Fig. S1 in the supplementary material). Together, these results suggest, consistent with data of Dreyer (Dreyer, 1987) , that the entry of many proteins into the nucleus may be suppressed until MBT in Xenopus. We are now investigating how general this conclusion might be, and whether it applies to all transcription factors or indeed to all nuclear proteins.
BiFC and other Smads
TGF␤ signalling plays important roles in the development of Xenopus and of most, if not all, multicellular organisms. If one were able to follow the immediate response to TGF␤ signalling in individual cells and in real time, this would greatly increase our understanding of early development and also of regeneration and disease. We show here that BiFC between Smad2 and Smad4 can indeed be used to reveal TGF␤ signalling, suggesting that the creation of transgenic lines expressing the two BiFC constructs might be useful in attempts to follow Smad signalling throughout development and adult life. This might also assist in attempts to understand how cells distinguish between different concentrations of TGF␤ family members to activate the expression of different genes (Bourillot et al., 2002; Green et al., 1992) . In principle, the technique should also be applicable to other members of the Smad family, although our efforts to study the other R-Smads that respond to Activin and the Xnrs in the Xenopus embryo have not yet met with success. These proteins are Smad3 (Howell et al., 2001) , and a shorter isoform of Smad2 that lacks exon 3 (Smad2⌬exon3) (Faure et al., 2000) . In both cases, BiFC complexes with Smad4 are present in the nuclei of Xenopus animal pole blastomeres even in the absence of ligand. This behaviour may be related to the ability of the two proteins to bind DNA directly and to the fact that their nuclear localisation sequences, unlike that of Smad2, are not masked in any way (Kurisaki et al., 2001) . We also note that a GFP-tagged version of Smad3 is constitutively nuclear (Nicolas et al., 2004) . In future work we plan to ask whether mutated versions of Smad3 and Smad2⌬exon3 might provide more effective reagents, and whether one can apply BiFC to Smad1, 5 or 8, which respond to members of the BMP family.
